1 6 1 7 Multi-subunit SMC ATPase complexes translocate on chromosomal DNA. They 1 8 control chromosome structure and DNA topology, presumably by acting as DNA 1 9 extrusion motors. The SMC-kleisin ring entraps chromosomal DNA. The ring lumen 2 0 is strongly reduced in size by alignment of the SMC arms and upon ATP binding is 2 1 divided in two by engagement of SMC head domains. Here, we provide evidence for 2 2 DNA binding in the SMC compartment and chromosome entrapment in the Kleisin 2 3 compartment of B. subtilis Smc/ScpAB. We show that DNA binding at the Smc hinge 2 4 is dispensable and identify an essential DNA binding site at engaged heads which 2 5 faces the S compartment. Mutations interfering with DNA binding do not prevent ATP 2 6 hydrolysis but block DNA translocation by Smc/ScpAB. Our findings are consistent 2 7 with the notion that Smc/DNA contacts stabilize looped DNA segments in the S 2 8 compartment, while the base of a chromosomal DNA loop is enclosed in the K 2 9 compartment. Transfer of DNA double helices between S and K compartments may 3 0 support DNA translocation. 3 1 3 2 3 3 Lengthwise condensation of DNA molecules into rod-shaped chromatids is a 3 4 prerequisite for the faithful segregation of chromosomes during mitotic and meiotic 3 5 nuclear divisions (Belmont
Introduction
the lumen of the SMC-kleisin ring is reduced and converted into the K compartment 9 8 (Diebold-Durand et al., 2017) . Whether and how the opening, closure, fusion or 9 9
fission of compartments is related to DNA translocation is poorly understood. to a strongly bent DNA segment. DNA transactions involving DNA transfer between ( Figure S1 ). Six lysine residues on the dimer of Smc hinge domains can thus be 1 5 2 substituted for six glutamate residues without major consequences for Smc function. To assess whether such a DNA binding interface may exist in SMC proteins, we 1 7 3 selected conserved Bs Smc head residues with surface-exposed positively-charged 1 7 4 side chains (Figure 2A ). We mutated five lysine and three arginine residues 1 7 5
individually to glutamate. The mutant strains showed wild-type-like growth on nutrient 1 5
Smc/ScpAB, the chromosomal DNA molecule is enclosed in the K compartment 4 0 9
while DNA seems largely or totally excluded from the S compartment -presumably 4 1 0 by the close alignment of Smc arms in J Smc/ScpAB (Diebold-Durand et al., 2017) .
Knowing that DNA binding at the heads (and possible also at the hinge) is restricted 4 1 2
to the E heads state, we next aimed to determine the location of chromosomal DNA 4 1 3 in E Smc/ScpAB ( Figure 7D ). Due to low efficiency in cross-linking of the E heads linking, especially in case of the K compartment that requires triple cross-linking. However, we would have expected to detect (at least the E-S compartment) species 4 2 0
if it were efficiently entrapping DNA as double cross-linking of hinge and E heads is two DNA binding site that possibly associates with small DNA loops. These two 4 2 8
states are presumably fundamental intermediates of the LE process. the notion that the long SMC arms serve an entirely different purpose such as recently found that they tolerate changes in end-to-end distance but require a 4 5 4
defined end-to-end orientation (Burmann et al., 2017) . (Hirano and Hirano, 2006; Soh et al., 2015) . Both DNA binding interfaces are located occupies the S compartment with one of its ends being associated with the heads 4 7 0 and the other with the hinge (Marko et al., 2018) . In this pseudo-topological been reported for multiple preparations of SMC complexes and may be a widely 4 7 5
shared feature (Kim and Loparo, 2016; Kimura et al., 1999; Kumar et al., 2017; 4 7 6 Marko et al., 2018; Sun et al., 2013) . A surprising implication of our data is that the coordination of a single strong DNA association to a topological association in cohesin may require subsequent ring 5 4 0
opening (Gruber et al., 2006; Murayama and Uhlmann, 2015) . Alternatively, the 3A- complexes) will need to provide an adequate explanation for this requirement. Bacillus subtilis strains and growth.
2
All B. subtilis strains are derived from the 1A700 isolate. All phenotypes and strain 5 5 3 numbers are listed in Table S1 . Naturally competent B. subtilis cells were 5 5 4
transformed as described in (Burmann et al., 2013) with longer starvation incubation 5 5 5
time for high efficiency transformation as described in (Diebold-Durand et al., 2017) .
6
The transformants were selected on SMG-agar plates and single-colonies isolated.
7
The strains were confirmed by PCR and sanger sequencing as required. In the case in liquid SMG at 37 °C, cells were grown to stationary phase and 9 2 and 9 5 -fold His6-tagged SmcH-CC100 constructs were purified following the method described in (Soh et al., 2015) . The proteins were expressed from pET-28 derived vectors in E. with 10 column volumes (CV) of binding buffer, followed by 5 CV of 50 mM NaPi, pH 5 7 3 7.4 / 4 °C, 1 M NaCl, 10 % glycerol, 1 mM DTT, followed by 5 CV of binding buffer.
7 4
Protein elution was done with 500 mM imidazole, pH 7.4 / 4 °C, 300 mM NaCl, 10 % MWCO filters (Sartorius) and aliquots were flash frozen in liquid N2 and stored at -80 5 7 9
°C. The complex was purified as described in (Burmann et al., 2013) . SmcHd constructs 5 8 3
containing residues 1-219 and 983-1186 connected by a GPG linker and His6-ScpA N 5 8 4
(residues 1-86) were co-expressed in 1 L of autoinduction medium for 24 h at 24 °C. concentrated, flash frozen and stored at -80 °C. Native Smc proteins were purified as described in (Burmann et al., 2017) . Proteins 5 9 6
were expressed from pET-22 or pET-28 derived plasmids in E. coli BL21-Gold(DE3) 5 9 7
using ZYM-5052 autoinduction medium (Studier, 2005) during 23 h at 24°C. Cells 5 9 8
were resuspended in lysis buffer (50 mM Tris-HCl pH 7.5, 150 mM NaCl, 1 mM 5 9 9
EDTA, 1 mM DTT, 10% sucrose) supplemented with protease inhibitor cocktail (PIC) 6 0 0 (Sigma) and sonicated. The soluble phase was loaded on 2 HiTrap Blue HP 5 mL M NaCl. Except for the 3Ahi/3Ahd mutant, that was loaded onto a HiTrapQ HP 6 0 7 column (GE Healtcare) and eluted in the same conditions at the other constructs. 6 0 8
The main peak fractions were pooled and concentrated to 5 mL in Vivaspin 15 10K phase was loaded onto a 5 mL HiTrapQ ion exchange column (GE Healthcare) and HiTrap Butyl HP column and eluted in a reverse gradient to 50 mM NaCl. Peak NaCl. Protein was concentrated, aliquoted, flash frozen and stored at -80 °C. Tris-HCl pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 mM DTT) supplemented with PIC 6 3 7
(Sigma). The material was sonicated, and the soluble phase was diluted to 50 mM 6 3 8
NaCl, loaded onto a 5 mL HiTrap Q HP column (GE Healthcare) and eluted with a 
The slope values were transformed to rate values using the molar absorption 6 7 0 coefficient of NADH. The rates were expressed into absolute values by correcting for 6 7 1 the protein concentration. Data was fit to the Hill equation:
Where v is the ATP hydrolysis rate, V max is the maximal rate, [ATP] is the variable 6 7 5
ATP concentration, h is the Hill coefficient and K 0.5 is the semi-saturation concentration. For the protein dependence experiments ( Fig S4A) , in the wt protein we fit the rate and 100 μ L were separated as input reference. The immunoprecipitation was carried charged with 50 μ L Anti-ScpB antiserum and incubated for 2 hr on a wheel at 4°C. Beads were washed at room temperature in 1 mL each of buffer L, buffer L5 (buffer For phenol/chloroform extraction, samples were cooled to room temperature, for 20 min at −20°C. Samples were centrifuged at 4°C and 20,000 × g for 10 min, For qPCR, samples were diluted in water (1:10 for IP and 1:1000 for input) and Marko) and α is a constant determined by extraction volumes and sample dilutions. Data are presented as the mean of duplicates. (MAPQ) greater than 10, reduced to bins of 250 bp, and normalized for total read 7 5 6 count in SeqMonk. Data are presented in reads per million (rpm).
5 7
For ratiometric analysis, the reduced data of each sample was compared to the value was divided by the smaller, and the resulting ratio was plotted above the 7 6 0 coordinate axis for value (mutant) ≥ value (WT) and below the axis otherwise. Data The procedure was based on the one described in (Bürmann et al., 2013) . Cultures BMOE. Cells were incubated with BMOE for 10 min on ice. The reaction was Agarose plug assays were done as described in (Wilhelm and Gruber., 2017). The 7 8 0 protocol was adopted for use of agarose microbeads instead of plugs following 7 8 1 procedures described in (Wing et al., 1993) . The equivalent of 3.75 ml OD cell mass µL of mineral oil at 45 °C (sigma) was added and vigorously mixed for 1-2 minutes at 7 9 0 4 °C. The mixture was kept at room temperature until all samples were prepared. The oil was removed by centrifugation for 1.5 min at 10,000 g at room temperature. The agarose microbeads were rinsed twice in 1 mL of room temperature PBSG. Cell The agarose beads were then washed twice in PBSG at room temperature 7 9 9
supplemented with 1 mM EDTA pH 8 and then incubated twice in 1 mL of TES buffer Spin-X Tube Filter (Corning) and spun for 1 min at 10,000 × g. The flow-through was 8 0 8
diluted to 1 mL final volume with PBS and proteins were precipitated by 10 % (w/v) 8 0 9
TCA in presence of 3 µg of BSA (Koontz, 2014 ChIP-Seq data reported in this manuscript will be deposited at the NCBI Sequence 8 1 8
Read Archive. Original data will be made available at Mendeley data. The authors declare no competing financial interests. . representative example of three replicates is shown. See also Figure S1 and Table S2 . As described in (B). See also Figure S2 and Table S2 . shown. See also Figure S4 , and Tables S3 and S4 . For bins with read counts equal to or greater than the wild-type sample, the ratio was 1 1 0 0 plotted above the genome coordinate axis (in blue colors). Otherwise the inverse 1 1 0 1 ratio was plotted below the axis (yellow). See also Figure S5 and Table S5 . (A) Dilution spotting of 3A-hng, 3A-hd and 6A mutants. As in Figure 1D . Brilliant Blue staining of protein sample with and without cross-linking ('BMOE'). Asterisk marks an impurity; see also in Figure 1C . in vivo site-specific cross-linking using K1151C as a sensor residue. In gel- Signature motif mutation (S1090R), EQ (E1118Q). See also Figure S6 . See also Figure S7 . lower panel is identical to the one shown in Figure 1E . and contacts ATP, thus it was not considered to be a DNA binding residue. As in 1 1 7 1 Figure 1E . residues identified in Figure 2C and D. ATPγS not shown. As in Figure 2D using and side view (right panel). change at low protein concentrations. Same data as in Figure 3D . calculated as described in Figure 5C .
ChIP-qPCR against ScpB for Smc(5A-hd). As in Figure 5D . ONA was monitored at 12 and 16 hours (upper and middle panels). resolve them in an SDS-PAGE and detect them by in-gel fluorescence. Smc arm cross-linking residue D280C. As in Figure 7B . 
